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Formalization and Verification of Composite Wireless Communication Channels in High-speed
Railway

MAI Ning', GUAN Yong', CHEN Shan-Yan', WANG Guo-Hui', LI Xi-Meng', SHI Zhi-Ping"”

'(Information Engineering College, Capital Normal University, Beijing 100048, China)
*(Beijing Academy of Science and Technology, Beijing 100089, China)

Abstract: With the growing demand for wireless communication quality in high-speed railway (HSR), ensuring communication reliability
in high-mobility scenarios has become a critical challenge. Constructing a reliable channel model is the key to addressing this issue. To
build a highly general and reliable channel model, composite wireless communication channel modeling requires full consideration of the
actual operating environment and channel propagation characteristics. With rigorous mathematical modeling and logical reasoning
capabilities, the formal method demonstrates significant advantages in complex wireless channel modeling. Focusing on the typical HSR
communication scenario of viaducts, this study proposes a high-order logic model of composite wireless communication channels based on
a small-scale fading model using the formal method. To address the long-tail characteristic of composite channels, the theorem proving
technique is used to verify that the probability density function (PDF) of the composite wireless communication channel conforms to the
distribution of the modified Bessel function of the second kind.
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TE X 12, IEASHEARI B
|- !mu sigma A. normal _pmeasure mu sigma A =
(if A IN measurable_sets_ext Iborel then
pos_fn_integral Iborel (\x. extreal mul (Normal (normal_density mu sigma (drop x))) (indicator_fn_ext 4 x))
else extreal of num 0)
SE Y12 T AR RS IR /AT IR, R A S wT AR, TR IE25 20 A0 (2 B2 eR BOdE AT A 28, TR AR
MREAEY 0. HH, “measurable_sets_ext” &4 T4 ERITTIER A, “normal_density” 387~ IEZS 700 A28 25 E BR 4L
IEZASBEHLAZ BT HiA 9 5 IR L fR — B BE AL AR &, HOB AR dn e 3L 13 s,
EX 13 IEAFEHIAZ &
|- 'p X mu sigma.
normal _rv X p mu sigma <=>
random_variable ext X p real borel A measurable distr p X =normal pmeasure mu sigma
FESE S 13 o, S5 T IEZSBENLAR SR 58 SR X A 58 SUAESE /MR 2% 8] p LI BENLAR &, HOHUE
A A2 SEE4E 1Y) Borel-o- AR, X HIREER 43 A W 200 2 IEAS 43

4 ERREMEA K

ARSI v BRIC 25 (5 B AT T A AR ) 7 22, 35 R b P . 5 B iz o e
FEEIR FESEERE, DS, AR SRR, XU DM R B TN S BRIE (S ) o 48 By H 2 3L
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4.1 FRMEEEAREMEAL

BIR A E AR RIE, BRI DEER AN & X, R MR P _EE 3 A T A Bk
EENES M. AFERERE X 14 s,

EX 14. {5

|- Ip X M. source X p M <=>random_variable ext X p real borel A\ (a. X a IN M)

GE ARG AT AR T, R N f(uy) = P(Y =y | X =x), X BB T, Y RpEHs R, f(xy) £
AEIE, BME S AR AR I R AR B s S (R T8 RO A S 15 P, 2o MR\ 28 4 1) 9 265 A 4L
R,

EMX 15 (FIEREY,

|- channel p X Y f<=>

random_variable ext X p real borel A\ random_variable ext X p real borel
A (!x y. x INIMAGE X (p_space_ext p) \y IN IMAGE X (p_space_ext p)
A f(x,y) = conditional distribution_ext p Y X {y} {x})

5E 3L 15 H1, “conditional _distribution_ext” 2 X T ¥ R SLE - &4+ A7.

EIEA B E SN C = sup,, [(X.Y), BMETEE A4S 51 Pragis 2l 0 i, ddEEm B p At
AR T AR B AT A S T AR R AT A R AR T AR R ) 5 SC. BRI, TR AL RS T A =
I, 5 S e S A XS I T AR, Qe 16 Firs. ARG SRR KL #50E, H F T4 8 5 % 2 A 2 1) 1R 22 5.

TE X 16. AHXT .

|- KL divergence bsuv=

extreal ainv (L _integral (space_s s, subsets s, u)
(\x. extreal logr b (RN _deriv u (space_s s, subsets s, v) x)))

FE5E 16 H, TR A RN - SECR TR EE g AR T DU E v BB, B /S 256 Lebesgue A7 A% £ ek Ok &
A AR 234 (8] R 2, BAR XGRS, B, “extreal ainv”ZRony i LU A R B, “extreal logr” R R sk
RN HOZH.

HAF BARARRT R ) — FRFER I 8, HAoE SONBRE A P(X | Y) SASL A AR PXO)P(Y) HIRDGS A . AR 55
T AR G 5E XL 17 B,

EX 17 HiZH.

|- mutual_information b p s1 s2 XY=

let prod_space =
prod_measure space (space_s s1, subsets s1, distribution_ext p X)
(space_s s2, subsets 52, distribution_ext p Y)
in KL divergence b (p_space_ext prod_space, events_ext prod_space)
(joint_distribution_ext p X' Y) (prob_ext prod_space))

SE X 17 W, “distribution_ext”f1“joint_distribution_ext” 435 € X T ¥ B 52 L 149545 5 BA 4046, “prod
measure_space” & X T I 0], e T IR A, AR EE AR AN ERA A0 T 5GBS EKE,
n5E 18 FiR.

EX 18 FIEAR.

|- 16 s1 s2 X Y. channel capacity b s1 s2 X Y =

(@c. (?p. ¢ = mutual_information b p s1 s2 X Y) A\ (Ip. extreal _le (mutual_information b p s1 s2 X Y) ¢))

42 BRAFEEERENEL
55 41 T E T BARSRAT R S A, (B SERRIE (S TP as U AR SRR IE T R L. RS IE R L
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I

HAE ARG R W RE TR, A SORIE ik B & G IE R AL 7 2R 7 — R P vk (51, AR ki
TRAVFEAETE < 950 ST (500 DA S/ RUBE TV SR o F) SR S 7 {5 0 A B ) v 5 . e, B M 878 B E I gt it
Rtk BE 05 A IR = MR 5% JC 2B TE RO BE LI SR AIE. S TE R 8, By R4 ROB A B, % T
AR BANERE . B A V8 FIE B RRE Sl T B E 5, HAE SR RENLA L. 3 LA E
ST ERARI, 155 (RS A i] R At . HE R R pR B A 3K (4) s,
fr) = Do @
WA B A SR RS TE AT U B B, LR B 558 3.3 1T rh IEASREALAS &= % 200 B B — B w5 ok,
WA A3 (4) T AT ML A5 L R 8, nE L 19 Pims.
E X 19. Rayleigh M % % FF B 0.
|- 1 sigma. Rayleigh_loss_density » sigma =
r/ power2 sigma * exp (--power2 r / (&2 * power2 sigma))
LR, T B R A 2 R o BT AR, 5 S 201 T I W FRD it ) R 2 00 P A 3t i Dy sE L 19 £ Lebesgue-
Borel #ll £ _E AR T3
TE X 20. Rayleigh M2 .
|- Isigma A. rayleigh pmeasure sigma A =
(if A IN measurable_sets _ext Iborel then pos_fn_integral lborel
(. extreal mul (Normal (Rayleigh loss_density (drop x) sigma)) (indicator_fn_ext 4 x))
else extreal of num 0)
B J5, CAREZR I B o Rt XA B ) S 7 (50, il 90 UE R L AR BRI B2 2 A6 55 Rayleigh MEZR N B — R
HL /2 Rayleigh 73 A1, B M 32 95 18 (2 2 e 3L 21 .
ZE X 21. Rayleigh & {51E.
|- |p X sigma. rayleigh rv X p sigma <=>
random_variable ext X p real borel /\ measurable distr p X =rayleigh pmeasure sigma
Bt M VB A8 2 B A o2 5 T8 TR SN R A At 4945 T8 ey 3 A B 22 i A5 S K TTT B, 15 5 7 A 4 A
A TR AR, AP BRAE R ER R S0 A7

5 ERESTLBEFEELANERSEIE

RIS T, R AR MR R AR RIS 5 T v A DR B A AR A R X T TR AT A T DA
DRSS SR RS i 5 i R [ IR R A0 M R LA TE AR, oA T T S O TS R PR AL IR S B R . A
A — S RIS R D, 5 S B B B M A I — B ARV H 2 S EFE by, BRI IME S A
T b kR e R B P B NS 1 SR TCRAGTE by, FABTERRLANIE] 1 R, _BIR P2k Jo L 5 18 ) A g /N RUBE 3
AT B B M TE, 0 B AF T A g S 22 Fow, RME SE R S EE T i o A 5 55 445 18 RO
I % ) PR — 2L

EX 22 HEEEHA.

|- !p X sigma. product_rayleigh rv X p sigma <=>

random_variable ext X p real borel A\ measurable distr p X' = product rayleigh pmeasure sigma

5E X 22 W, “product_rayleigh pmeasure” 37 5 & (518 FIMEM B, HB U @ BRI T 2 &5 8 M2 2%
BRI AR SCHR [5] e I E G EIE h RS E R, h Lo 518 by M b, HE GV B, B3 T e =1
I, 55 TE RO AR L R B p(h) B2 58 ORT BHIA G o0 A SR 70 AT B R R TR EEOR A A 3K (5). BRI T ¢ Sk
TESHEERET BT A BO . B SN B R, A3 (5) FonfEELE T gk K =M g iEd,
ANF= LA TE DRI 52 A T M 22 2 B L



10 RAFF AR SR g K o e il

B h
P(h)=fmp(h1,h—l)dhn 5)

l%"éﬁt

“IIIL””M

Bl &S o s EaRa

B SCHR [S5] HEA M8 by = 0 RSN, 24k = O R, |h|3ﬁx H TosE X, B S by = 0 R
AT . SR BRI A P HE S S I0AE, WA MR EE AT by = 0 AN TR ARTELE, Hvéﬁﬂﬁ?}: I, X E A
TEHEAT T AR AR, D000 R A3 X3 AT 2081, RIKT A0 Ay = 0 A0 0 SR BUE AT RR IR AR BE. 53 by = 0 SEBR BT RT
SR HP 2R i ) 2 T 4 IX — B 8 A R ARG T, RIS 5 AR Sl 2 R 4 R 2R (AR i 7o A T IR P 3V g P
R, FEOXEE EREARUS TAER. 50K [5] X T E 6B EMA % BB ot b, BRAR B RS R
MUARIBE P WIS, (X — R E RS2 A G5 PR, BRI R AE &R oL R RS R S
HE PR R AR, SR IR (G RA GRS AT b, UL, X hy = 0 AL EEA - T B 1E 502
LArHE, A S PR AS RS8R AT RE BRI R VR TS UL T R R

p(h) BFIEE R AR A S (6) Fion. ASCFETF AT (6) XF p(h) H hy # 0 B 3E4T T TR E X, Wne

23 iR

lin1f ! (h h )dh, + lim L ( h )dhl h #0
ph)y =4 9 Jx [l | w0 J_o |y | (6)
0, h =0

EN 23 HEHIEM T R
|- Isigmal h sigma2.
Product Rayleigh Density 4 sigmal sigma2 =
reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b])
(\il. &1/ abs k1 * Rayleigh loss_density /1 sigmal * Rayleigh loss_density (4 / hl) sigma?2)))
+ reallim (atreal (&0) within {x | x <= &0})
(\a. reallim at_neginfinity (\b. real integral (real interval [b, a])
(Mil. &1/ abs h1 * Rayleigh loss_density /1 sigmal * Rayleigh loss_density (h / hl) sigma2)))
5E S 23 H1, “(atreal (&0) within {x | &0 <= x})”3R7~ 0*. “Rayleigh _loss_density” B & X 19 Rayleigh 3 %5 & iR
K, RoRAGIE by 5 hy FIMEZRR A TR EAE by = 0 A0 TCSEPRM TR S, AR A y 2 0 1R RS 70 LiE— 25
RIT p(h) 704 A
BEE GG, 55 AN FERNEF A0, TR 2 RAEIE Bessel B K, 7011, K, 704 BA KR, BE
SAEWIARBT B AL IR, T R A IS, P 1 4 T EAIEIE L R & 5 IR K, 7041 BT AL ik
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Jﬂ\r

.

EIR 1. HAEERE Ky 7210
val it : thm = |- sigmal > &0 A sigma2 > &0
==> Product_Rayleigh Density & sigmal sigma2 =
(&2 * h) / (power2 sigmal * power2 sigma2) * Bessel KO real (abs 4 / (sigmal * sigma2))
FEH 1 A, “reallim” KRN SLEUF I IR, BIE2A55 5 lim. “Bessel KO real” %7~ 5 2 ZRME IE Bessel B4l K,
oA, AR R A 30 (7) Fios. AU A (7) 5t Ko oA AT T SRR B, AR LS p(h) (240 A
SRR — B, JOR A I 5E X 24 PR,

1 +00 2
Ko(z) = Ef e wdt @)
0

TENX 24. 5 2 & IE Bessel % K.
|- z. Bessel KO real z =
&1/ &2 * reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b])
(\t. &1/t * exp (-t + --(power2 z | (&4 * 1))))))
55 2 RAZIE Bessel AR — FAESA W) BN TR R )2 BT (R Re ik R 8, L RAT 2 MR TR AT R
IR AR BN AR A AJC 2B (5 P I 2 S R TE AR, 58 2 42 1L Bessel B EIAR 20 J AN 1 S5 4 i T R
R E S KA.
ONUEMTERE 1, Fa it — DA IR0 7E A B R R B A AR 7E A 5K (6) AR R % L R B A 5K
Ik, 324 R~ (8), Eﬁ/iﬁﬂaﬁﬁﬁﬂﬁfi 2 s,

1 b -4 7427

p(h) = lim ———e ¥ ° o dh, +lim

=0t ) | ojo; 0" |h1| ol 0'2

02

R dh, ®)

SEH 2 XA (6)-A (8) M I BT T I0IE, HAE I B H AR HEE WAL AR A
HESE pI A A SRR SN RS R, B TR EAT S ERAE AR A 10 22 sUHE S, M 2%, LA ARt i
TEXE 2. H A WA R R B ] 2 2
val it : thm =
|- Vh sigmal sigma2. h=c * hl * h2 \ ¢ = &1 N\ sigmal > &0 /\ sigma2 > &0
==> Product Rayleigh Density & sigmal sigma2 =
reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b])
(\hl. &1/ abs hl * h / (power2 sigmal * power2 sigma2) * exp (--power2 hl / (&2 * power2
sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))

+ reallim (atreal (&0) within {x | x <= &0})

(\a. reallim at_neginfinity (\b. real integral (real interval [b, a])

(\il. &1/ abs hl * h / (power2 sigmal * power2 sigma2) * exp (--power2 hl / (&2 * power2
sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))

PRI E A (8) HYFERL LA 1T p(hy MOBEA R %, T S0E I g A ok . MR 15 Bk B 0 R B A 2K (8) #EAT AL
{1, i — PR E R A 9).

B2

=1 h Lot
p(h)=2£1££ h_,a'foﬁe @i 2 dhy 9
XA (9) HEAT B AR, a5 BE 3 Frow. € B 3 HOAIE W I 12 5 78 0 2% FE A R 280 1 B 0K — B AT 4
FAF. HOGHRAE T H R 0 fahf(x)dxz f;bf(—x)dx (IR 23 X R 70 3 e B 75 48 F 12258 BT, U075 S e Wik
I HPRES . L. St 55 M RS — R R A BT D B8, RIEN] B AR R D 5830 8 B — S oK
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T UG BEAR 735 R 1 5 BRI 2 TR 3K, SE GIE . 4K, € 22 3 sThIRE 13K (8) A st (9) LTI A2 Y IE A 8.
TETE 3. 5 A WA L oR O P b ] g B
val it : thm =
|- Vh sigmal sigma2.
reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b]) (k1. &1/ abs il * h / (power2 sigmal * power2
sigma?2) *exp (--power2 hl /(&2 * power2 sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))
+ reallim (atreal (&0) within {x | x <= &0})
(\a. reallim at_neginfinity (\b. real integral (real_interval [b, a]) (k1. &1/ abs hl * h / (power2 sigmal * power2
sigma?2) * exp (--power2 hl / (&2 * power2 sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))
= &2 * reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b]) (\Vi1. &1/ hl * h / (power2 sigmal * power2
sigma?2) * exp (--power2 hl / (&2 * power2 sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))

PR RAE A5 (9) BIBEAE_E X AN bR Bl AT 1 T, 2B BRI R 45 R an 22 3K (10) B,

fv=20 iy = L tim f Lo w gy W)
(% 0'10'2)(—>0+ LV
TETRAE BT v, T BT P 75 50 2 5030 A B, 2 40 TE A 250 (R A B 5 T R 3
etk XU BT A 1789 4, R 5 A 158 0 SRR V. WO SCEE BRI — B IRAT, JRiEDI T &
B M B R PR R B S TR, 2 s B 4 R 5 TR
REIR 4. 5 AN I R RO

val it : thm =

|- 'h sigmal sigma2 ab. &0 <a
==>(\hl. &1/ hl * h/(power2 sigmal * power2 sigma2)
*exp (--power2 h1 /(&2 * power2 sigmal) + --power2 h | (&2 * power2 sigma2 * power2 hl)))
real _continuous_on real_interval [a, b]

TEIR 5. S AW LR 0T BUE.

val it : thm =

|- th sigmal sigma2 a b. &0 <a

=> (\hl. &1/ hl * h/ (power2 sigmal * power2 sigma?2)
* exp (--power2 hl / (&2 * power2 sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))
real_integrable on real interval [a, b]

SEHE 4 (FIE B 3 AT — RAVEIBR S RECREL RBORIE A OGS ek Bz e B e B S AR
MR 7€ B 4 0 B8 BT BT Ak e B, 120 AR 1 TS R BUAE A R AT DX I b TR — PR . g B 4 FSE B 5
T E BRRIE B S0 1 800 2 A, izt e BN A (10) #EAT TR AL, anE B 6 P,

EE 6. #omE .

val it : thm =

|- th sigmal sigma2. sigmal > &0 N\ sigma2 > &0

==> &2 * reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real integral (real interval [a, b])
(i1, &1/ hl * h/ (power2 sigmal * power2 sigma2) * exp (--power2 hl/
(&2 * power2 sigmal) + --power2 h / (&2 * power2 sigma2 * power2 hl)))))
=h/ (power2 sigmal * power2 sigma2) *
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reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b])
(\W. &1 /v *exp (--v + --(power2 h / (&4 * power2 sigmal * power2 sigma2 * v))))))

SERL 6 UEH] T p(h) WA (9) ZA R (10) BT 5 HE SRR, HOCHHIE 15 BRI T S8 7 e 5 B 5K
it % EAE T SHBAHTT ISR, B [ £(g(0)- g/ (0dx = I Y fodu. SR 6, p(h) LI T, 1L
NS A (10) —FE K. W44 A (7) 520 (10), £ HEF 58IE, WEH ph) 76 K, 10X — 4518,
R EEE 7.

R 7. Hou R K.

val it : thm =

|- sigmal > &0 N\ sigma2 > &0

==> (&2 * h) / (power2 sigmal * power2 sigma2) * Bessel KO real (abs & / (sigmal * sigma2))
=h/ (power2 sigmal * power2 sigma2) *
reallim (atreal (&0) within {x | &0 <=x})
(\a. reallim at_posinfinity (\b. real_integral (real_interval [a, b]) (\v. &1 /v * exp (--v + --(power2 h / (&4 *
power2 sigmal * power2 sigma2 * v))))))

B, @i e 2-7 WBBWAE, A TER T e E 1 R RAIEY]. it — i e B 1 e R, A0 (1)
YT p(h) B SEBAL TR T I R L ST K P SR B RS B I G R SR AR R, R P B A RN B
BEgaA. ~ (1) KSR REER ERB TS — Rl s 5 F, TaE S M2 BEREmEN N HE
S RETE SO, R AT TR Z A R N AR ISR 0, AR TEIL R e s Bk o 2kl (5 i &

+o<:1 h v 1 /’l
h) = li — p|hy,— |dhy +1i ==\ o= |dhy, By #0
P imf vm”(‘hl) ! xf?ffmlhllp(‘hl) nh

+oo » h 2 x 2 h )
. 1 ohy - - . 1 hy -4 5 -2
= lim ——e ¥ —e *idh +lim ——e ¥ —e *'dh
=0 mler o) RN N

oo i 2 X ”» 2
1 h - 1 h -
= lim e > >71dh + lim — e ¥ @ dp,
x—0"

2 2 2 2
=0t )y |hl| 010, —c0 |hl| g10;
+00 _i_ 2
=2lim | ———e ¥ *dh (11
=0t ) o hy oo
1’12 +00 1 0_2 o
1 . 1 2.7,
4y = —, p(h) =2lim —x—Lle i3 gy
2 2
o x—0* 103 h] /’l]
+00 2 #2 +00 - 2
= b [ FH s i [ LR
) 2 - )
ooy 0t hl ooyt v
2h |A|
=—=-5K h#0
005 0,0,

MR E L 1 AR, fE R S 5 T, A E MR R EBE IR T AT &5 2 R IE Bessel ML K, 7011,
HEATESE S RNE. AT S Ko 7046, ATHEH B A58 BAT KRRFE, 20k o C s (5 R e vt SR
AEERE

6 2 %

nws =R

ATCEE X R A R T IR R S T BB AR AR T, SR T AR TN R VE B 1 R 5 (5 18 R A Ak
Jiik A R EFEER KB ARAE, ASCIEY] T 3055 5 28 mk F R K B M 7 i — R & FEIER R
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AR AR wrrrdp xR G )

LR BT B 5 2 RIBIE Bessel AU 70 A AEEBOS FE Y, ASCHE i i 48 7€ PLIE W% HOL Light 4 14~
SR 515 BRI, NE S EIE @RI 7 RS BRSO X — T s Bl (5 FE R A S 5
IERRME T AT B 1 @, O8RS A R Al 53 5 T I EE R U B S IR UE SR O 1 0E I T U e

HEZR

R T PR A5 5% AR T BETE.
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